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Abstract 
The 9Cr-1Mo steels are widely used for high temperature and pressure service. During welding and subsequent post welding heat 
treatment (PWHT) changes occur in the heat affected zone (HAZ) due to carbide precipitation that can lead to failures in service. 
In this work the microstructural changes produced by a single pass weld are analyzed, a tubular rutilic wire under gas protection 
was used and was analyzed in three conditions: without any subsequent PWHT and with two possible PWHT, at a temperature of 
760 °C for 4 h (T1) and 2 h (T2). Specimens obtained were prepared for analysis by optical microscopy (OM) and scanning 
electron microscopy (SEM). Vickers microhardness profile were performed transversely from the weld metal (WM) to the base 
metal (BM).  
The microhardness profiles of the samples with PWHT were qualitatively similar, with maximum values in the WM, gradual 
drop in the HAZ and minimum values in HAZIC (intercritic heat affected zone). In the sample without heat treatment the 
microhardness was elevated in both WM and in the HAZ, decreasing in the BM. The identification of different regions of the 
HAZ, through the determination of prior austenite grain size type and size of precipitates, allowed to associate these variables 
with the possible thermal cycle.  
The obtained results allowed to get a microstructural reference to the study of multi-pass welds. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
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1. Introduction 
Ferritic-martensitic steels of high chromium (9% Cr) also called creep strength enhanced ferritic steels (CSEFS) are 
the materials developed for high temperature service conditions within power plants with fossil fuels. Its usage has 
been diminished CO2 emissions to the atmosphere as well as increased the temperature in service of these alloys.  
As regards the supplying way, the ASTM standards classify steels as P/T91 degree because of the addition of Nb, V 
and N in its metallurgy. Basically, P91 steels have a martensitic microstructure which is a result of the austenite 
cooling with the precipitation of not only carbide but also nitrides.  
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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During the tempering these precipitates could be of two types: M23 C6 (M= Cr, Fe, Mo) phase which precipitate in 
grain boundaries and also supplies resistance to the creep delaying, and at the same time, resistance to grain 
growing. 
MX (X=N, C, M=V, Nb) phase which means intergrain monocarbides or between sub-grains which stop the 
dislocation movement contributing to the creep resistance (Zavaleta Rodriguez, 2011). 
In order to maintain conditions to ensure a good creep behavior, both thermal cycle of welding and the PWHT must 
be controlled. The proposed temperature range for the PWHT requires not to exceed the critical temperature Ac1, 
which is defined considering the chemical composition of the welding metal (made up of molten metal base and the 
contribution of the consumable), especially because of the Ni + Mn contents. On the other hand, it is recommended 
to select the highest possible temperature (10/20°C<Ac1) taking into account that the thermal gradient between the 
surface and the internal is usually important in large size pieces (Newell, 2010). 
In the metal base HAZ of a weld joint occur different transformations according to the thermal cycle that each zone 
was subjected in relation to the fusion line (FL). The obtained temperatures in each zone can be related with the 
equilibrium diagram for P91 steels (Creep resistant steels, 2008), where the different zones and subzones that 
correspond to a weld joint are defined as weld zone or weld metal (WM), heat affected zone of thick grain 
(HAZCG), heat affected zone of thin grain (HAZFG), intercritic heat affected zone (HAZIC) and subcritic heat 
affected zone (HAZSC). Although the HAZ can be divided into subzones, it is difficult to distinguish each one of 
them because of the continued microstructural change noticed from the fusion line.   
HAZCG (Tp>>Ac3): this zone is adjacent to the fusion line and it can reach temperatures over Ac3. Precipitates that 
impede grain growing can be dissolved and in some steels exposed to temperatures over 1250°C ferriteδcan be 
formed. During the cooling process, this region turns into martensite. 
HAZFG (Tp>>Ac3): it can reach temperatures just over Ac3. There is a grain refinement and, in some cases, it 
cannot present precipitates dissolution. This is a region of the HAZ with low creep resistance.  
HAZIC (Ac1<Tp<Ac3): Partially transform zone. The reached temperature is located between Ac3 y Ac1 and it is 
produced a partial transformation from α to Ɣ. While new austenite grains are formed, the previous martensite 
suffers tempering. It may produce precipitates redissolution and strengthen. This HAZIC show little grain sizes and 
the lowest hardness values in the welding. Generally, in this zone the creep failures, which are known as type IV 
cracks (Newell, 2010), are produced. 
The welding of these steels generally involves the use of multi-pass, which generates a very complex HAZ. As a 
consequence of that, there is a need of analyzing the alloy behavior in a single pass welding with the objective of 
identifying the microstructural changes which are associated to it.  
2. Experimental procedure 
2.1. Materials 
Firstly, the material used in this experience was an ASTM A335 P91 degree piping steel which was provided by a 
Japanese steelwork called JFE Corporations. The steel has the following dimensions: 28,5 mm thickness, 90 mm 
long and 30 mm wide. Chemical composition of BM and its mechanic properties are shown in table 1 below. Also, 
the supplying condition of the steel is normalized at 1050°C, 10 min and tempered at 785°C, 45 min. Besides, the 
microstructure belongs to a martensitic matrix with precipitated carbides. 
Table 1 Chemical composition of base metal and mechanic properties (% weight). 
 C Mn Si P S Cr Ni Cu Mo Al Co Nb Ti V 
Base 
Metal 
0,1 0,44 0,3 0,03 0,00
9 
9,26 0,173 0,04 0,86 0,004 0,027 0,088 0,002 0,21 
Tensile Strength (MPa) Yield Strength 0,2 (MPa) Elongation (%) HV 
705 533 44 222 
A single pass welding was made with a semiautomatic welding process, with a tubular wire under gaseous 
protection -FCAW-G process- with a preheating of 260°C. It was used a rutilic slag wire AWS A5.9: E91T1-B9M; 
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1,2 mm in diameter and gaseous protection of Ar/20%CO2. In table 2 below, it is presented the chemical 
composition of the pure filler metal. 
Table 2 Chemical composition of the pure filler metal (% weight) 
 C Mn Si P S Cr Ni Cu Mo Al Co Nb Ti V 
E91T1-
B9M 
0,1 0,94 0,4 0,03 0,011 9,92 0,48 0,09 0,93 0,003 0,024 0,046 0,033 0,25 
2.2. Welding parameters 
The applied welding parameters were: 25 V tension , 165 A current intensity, 3mm/s speed progress, 7,33 mm/min 
wire supply speed and a 18 mm stick-up. Furthermore, the gaseous protection was supply at 20 l/min flow. 
 
2.3 Thermal welding cycle and PWHT 
 
Through two thermocouples located in the BM, the thermal welding cycle was determined. The welded sample was 
cooled down slowly outside and it was divided into three pieces. Two thermal post-welding treatments were made at 
760°C for 4 h (T1) and for 2 h (T2) keeping a section without treatment. Both, heating and cooling speeds used in 
the PWHT were controlled, 120°C/hr and 109°C/hr, respectively.  
 
2.4 Metallographic and microhardness analysis  
 
From each one of the samples used, cross sections using a metallographic cutter were prepared by polishing until 1 
μm diamond paste. The etching was made with three different reagents: Villela, Beraha and electrolytic etching. The 
Villela reactive was used to define, through optical microscopy as well as scanning electron microscopy, the 
different welding zones. Due to a better definition of grain boundaries obtained with Beraha reactive, it was used for 
grain size determination in the different heat affected zones and within the BM. The optical microscope used to 
identify each one of the regions was an Olympus PME. Precipitates distribution in the matrix was observed using a 
field emission scanning electron microscope (FEG-SEM) Zeiss Supra 40. Vickers microhardness profile were made 
with 1000 gr load, continuing with the line in the centre of the weld bead, sweeping in a descending way from the 
WM to the BM using a digital microhardness tester FUTURETECH FM700. 
 
 
2.5 Precipitates extraction 
 
Longitudinal cuts were made as shown in Fig. 1 to remove the precipitates by disolution of the matrix in an 
electrolyte solution. The electrolysis was carried out using a solution of 10% HCl in ethyl alcohol, 1,5V and using as 
anode the sample to dissolve. The residues obtained were analyzed by X-ray diffraction in a diffractometer 
Empyrean PANanalytical. 
 
 
 
 
 
 
Fig 1.Cuts to extraction. 
The extracted carbides, before the X-ray analysis, were observed by means of electronic microscopy to confirm their 
presence.  
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3. Results and discussion  
 
3.1 Thermal welding cycle and microhardness 
 
In Fig.2 it is presented the thermal cycle developed in the welding process. The results obtained show that the 
maximum temperature reached nearby the fusion line (FL) region was 1005°C and the heating speed was 88°C/s. 
The cooling speed determined from the maximum temperature until the 550°C, where that speed starts decreasing 
gradually, was 22,5°C/s. 
 
 
In Fig.3 there is the Vickers hardness profile presented in the sample without thermal treatment (P91STT). The 
hardness in the WM and in the HAZ presents an average value of 427 HV1 which is situated in the interface HAZ-
MB, with a minimum of 207 HV1. The BM which was not affected presents an average hardness of 222 HV1. 
The microhardness profiles which belong to the samples with thermal treatment of 4 h (P91T1) and 2 h (P91T2) are 
shown in the Fig.4. 
In both samples with PWHT there are maximum hardness values in the WM and it decreases through the HAZ. The 
average values in the WM were 241HV1 (T1) and 260HV1 (T2). The minimum hardness, in both cases, is situated 
in the HAZIC with the following values: 196 HV1 (T1) and 205 HV (T2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig .3 P91STT hardness profile- 1000gr 
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Fig 2. Thermal welding cycle 
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Fig 4. a) P91T1 hardness profile, b) P91T2 hardness profile- 1000gr 
 
When the hardness profiles are compared, it is possible to differentiate the samples which have PWHT and the 
samples which have not PWHT. Even though the thermal treatments produce qualitative similar hardness profiles, 
the 4 h treatment produces smaller hardness profiles. It is possible to detect that the 2 h treatment has a higher value 
in the WM near the FL, which was noticed by another authors (Vijayalakshmi, 1999) and in the samples without 
thermal treatment there is no hardness fall in the HAZIC as in the samples with PWHT. That is to say, the 
precipitates modification during the PWHT is responsible of the hardness fall in the HAZ.  
 
3.2 Welding Zones identification and grain size determination by means of OM 
 
In all samples analyzed by means of OM, it is possible to recognize the following zones:  
WM: columnar structure with martensitic matrix with precipitate carbides. 
HAZCG: close to the FL, it is a zone that reaches the maximum temperatures which allows the dissolution of the 
carbides presented in the base metal and the grain growing. 
HAZFG: In this region, it is observed a grain size decrease and a transition to the base metal. This zone may contain 
both HAZFG and HAZIC. 
BM:  martensitic matrix and precipitate carbides. In Fig.5 a, b and c, it is possible to observe the micrographs 
etching with Villela´s reagent which reveals the precipitates in the matrix and d, e, f and g etched with electrolytic 
reagent that shows different grain size which belong to the P91T1 sample.  
In Table 3, it is shown the grain size which belongs to the P91T2 sample, that accounts for Fig. 4, where x means 
the distance to the weld bead surface. In HAZ, the region next to the FL presents a higher grain size as in this region 
maximum temperatures were reached allowing, at the same time, the grain growing because of possible carbides 
dissolution. Grain size decreases with the distance to the FL, in this way, the minimum hardness which was 
previously determined, belongs to the smaller grains region. This is all to say that microhardness profiles in the 
welding process of these steels are the result of the precipitate presence and not of the size grain variation. It is to be 
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expected that the grain size of the two remaining samples would be similar to the values presented in Table 3, due to 
the fact that all of them suffered the same post welding cooling process.  
 
Table 3. Grain size HAZ-MB P91T2 
x[mm] 4,3 4,6 4,9 5,2 5,5 5,8 6,1 6,4 6,7 7 7,3 7,6 7,9 8,2 8,5 8,8 9,1 9,4 9,7 
Size [μm] 28,2 25,6 26,1 26,7 23,5 20,4 21,4 18,3 17,4 16,5 17,7 16,7 17,2 17,1 17,4 16,5 17,1 17,1 17,4 
 
 
Fig 5: (a) BM;(b) HAZ: HAZCG y HAZFG;(c) WM (d) MB;(e) HAZCF;(f) HAZCG y FL;(g) WM 
 
3.3 Analysis by means of electronic microscopy 
 
The Fig. 6 to 8 show micrographs obtained by FEG-SEM in the different regions of the three prepared samples. In 
all of them, it is possible to detect the BM, HAZCG, HAZFG and HAZIC. The Fig.7 accounts for the different 
zones in the P91STT sample where it is note the grain and intergrain boundaries precipitates in the BM without 
treatment. Also, the different carbides distribution throughout the HAZ can be observed.  
Micrographs contained in Fig.8 correspond to the P91T1 sample. There, it is possible to observe that, within the 
HAZIC, precipitates are not located in grain boundaries, besides they are larger than the ones situated in another 
zones.  
Fig.9 accounts for the zones determined in the sample P91T2. In the HAZ, there were three regions: HAZCG, 
HAZFG and HAZIC as well as the previous sample.  
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Fig. 6 P91STT (a) MB; (b) HAZIC; (c) HAZFG; (d) HAZCG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 P91T1 (a) MB; (b) HAZIC; (c) HAZFG; (d) HAZCG 
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Fig.8 P91T2 (a) MB; (b) HAZIC (c) HAZFG; (d) HAZCG 
When the carbides which belong to the different regions in the PWHT sample were observed, it could be noted that 
the HAZCG is form by precipitates of different sizes and morphologies. Moreover, they are situated in grain 
boundaries and matrix. In both HAZFG and HAZIC, it is worth to note that there is a decreasein precipitates density, 
there is a size growing and they are gathered together. In the HAZIC, where the minimum hardness is reached, there 
are subregions free of major size precipitates. Fig. 9 to 11 shows the carbides that account for the zones in each one 
of the samples. As it is shown in Fig.9 a, the WM of the sample without PWHT presents carbides which are 
distributed along the martensitic matrix.  
Fig.9 WM (a) P91STT; (b) P91T1; (c) P91T2 
 
 
P91T2 
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Fig.10 HAZCG (a) P91STT; (b) P91T1; (c) P91T 
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Fig.11 HAZFG (a) P91STT; (b) P91T1; (c) P91T2 
 
The Fig.10 shows lower density of carbides in the HAZSTT. In the PWHT this region allows the precipitation. In 
Fig. 11 b and c shows carbide free boundaries grain (marked whit arrows) which would be responsible for the type 
IV cracks observed in this steels in service. 
 
3.4 Precipitates extraction 
 
In Fig. 12is possible to observe the micrographs with different magnifications obtained by means of FEG-SEM, 
which confirm their presence after extraction. The next diffractograms were obtained from X-ray diffraction on the 
metallic powder. Found precipitates in the three zones were M23C6, VN (MXII) and NbCN (MXI). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Extracted carbides of BM of sampleP91T2 
 
 
Fig. 13 Diffractogram of extracted carbides from BM of P91T2  Fig. 14 Diffractogram of extracted carbides from HAZ of P91T2 
    M23C6            MX I 
                          MX II V 
    M23C6            MX I 
                          MX II V 
a b c 
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Fig. 15 Diffractogram of extracted carbides from WM of P91T2 
4. Conclusions 
The HAZ research in single pass welding in 9Cr-1Mo with and without PWHT, showed: 
- Minor differences in behavior as well as microstructures as a result of thermal treatments at 760°C for 4 
and 2 h. 
- Specimens without PWHT present increased hardness in WM and HAZ with a considerable decrease in the 
HAZ-MB interface. Both PWHT produce a softening in the WM as well as in the HAZ with a gradual 
hardness decrease until the BM. These effects are major while the thermal treatment time is increasing.  
- Minimum hardness in the samples with PWHT is obtained in the HAZIC. This has not happened in case of 
samples without PWHT. 
- The different subregions of the HAZ and the BM reveal differences in size, morphology and distribution of 
the precipitates presented. That is related to the fact that each one of them and also its precipitates, 
experimented a different thermal cycle in the welding process.  
- The electronic microscopy and the hardness profile allow the recognition of the HAZIC in the samples with 
PWHT. There, it is possible to detect large size carbides which are distributed along the matrix but not in 
grain boundaries as in other zones produced by the welding process. This zone is hard to differentiate from 
the HAZFG by means of OM because both present a similar grain size.  
- Found precipitates in the welded samples were the same that contain the original material, this would be 
dissolved and form again but they would be changed their distribution as well as size and produced 
precipitates free zones. 
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